Abstract
Introduction
Knowledge of the shallow subsurface hydrogeophysical properties, including surface and subsurface water content, is essential in the fields of agricultural and environmental engineering, ground water hydrology, meteorology, soil landscape modeling, and soil physics.
Surface soil water content defines the boundary condition of important processes, such as infiltration, runoff, and evaporation. In general, soil water content is highly variable in space and time. Spatial variability of soil water content is affected by both small scale variability in soil hydraulic properties at the centimeter scale (Ritsema and Dekker, 1998) and large scale variability at the kilometer scale (Jackson and Le Vine, 1996) . Additionally, lateral water 10 redistribution varies at scales from meters to several hundreds of meters under the influence of topography (Western et al., 1998) , and water redistribution by vegetation (Bouten et al., 1992; Hupet and Vanclooster, 2002) . Disregarding the spatial variability of soil water content may contribute significantly to errors in many predictions, e.g. for infiltration, and surface runoff (Merz and Bardossy, 1998; Pauwels et al. Point information on soil water content can be obtained using different techniques, like Time Domain Reflectrometry (TDR), capacitance sensors, or volumetric sampling. In general, the application of all these techniques is restricted to small observation areas and is generally too time-consuming for soil water content mapping of larger areas (Western and Grayson, 1998). 20 Furthermore, these techniques may disturb the soil structure, prohibiting accurate in situ soil water content measurements (Lunt et al., 2005) . On the other hand, remote sensing provides an effective methodology for mapping surface soil water content over large areas (Cognard et al., 1995, D'Urso and Minacapilli, 2006). The disadvantage of most remote sensing techniques is the low temporal resolution and the fact that the measurement averages within-25 pixel variability and therefore masks the underlying heterogeneity observed at the land surface (Famiglietti et al., 1999 ). An even more important disadvantage of remote sensing is the shallow measurement depth and the inability to observe the soil water content when dense vegetation is present (Ulaby et al., 1996) .
Clearly, there is a gap between remote sensing and point measurements of soil water content.
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At intermediate spatial scales, such as agricultural fields or small catchments, reliance on sparse point measurements or coarse remote sensing data might not provide the accurate soil water content information required at these scales (e.g. for irrigation, precision farming, crop management, erosion control). Therefore, there is a need for soil water content measurement techniques that can provide dense and accurate measurements at this intermediate scale with a 35 high temporal resolution.
To investigate the relationship between field scale (effective) fluxes of water, energy, and carbon dioxide and the spatial variations of these fluxes within the field, the FLOWatch test site has been established. The within-field variability of these fluxes is strongly related to the spatial variation of soil water content. Therefore, a range of soil water content measurement means to monitor large areas and soil volumes relatively quickly and cost-effectively, and therefore, may bridge the gap between point information and remote sensing data.
In general, three different approaches are available to map soil water content with GPR. The first approach is based on the analysis of reflected waves ( general, the ground wave is the part of the radiated energy that travels between the transmitter and receiver through the top of the soil. The third approach is based on analyzing the (sub-) surface reflections of an off-ground GPR system, as described by Davis and Annan (2002), Redman et al. (2002) and Lambot et al. (2004a Lambot et al. ( , 2004b Lambot et al. ( , 2006a ) amongst others. The advantage of the monostatic off-ground GPR method proposed by Lambot et al. (2004a Lambot et al. ( , 2004b Lambot et al. ( , 2004c 2006a) is the possibility of a full wave inversion of the radar signal which takes into account the antenna effects and does not require an antenna height specific calibration above a perfect electric conductor (PEC, e.g. a metal plate). In general, the antenna elevation above the soil inherently varies during field experiments, which may lead to significant errors using the traditional off-ground methods. In our study, the ground wave approach and the monostatic 15 off-ground approach were tested on a field site where both texture and soil water content are highly variable.
In contrast to the ground wave technique, the monostatic off-ground GPR methodology was used for the first time to monitor soil water content at the field scale. Both methods were compared with reference measurements obtained with Time Domain Reflectrometry (TDR) or 20 capacitance sensors, and volumetric soil samples in two measurement campaigns.
The aim of this study was to test the applicability of the off-ground GPR and ground wave GPR method at the field scale to monitor soil water content of environmentally relevant soil depths (e.g. 0 -5 or 0 -10 cm), The soil water content of this shallow upper soil layer is relevant for flood control, soil erosion protection, CO 2 production, and plant water 25 availability.
Materials and Methods

FLOWatch test site
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The FLOWatch test site of the Forschungszentrum Jülich GmbH is situated in the southern part of the Lower Rhine Embayment in Germany. The underlying sediments are Quaternary sediments, which are mostly fluvial deposits from the Rhine/Meuse river and the Rur river system, covered by eolian sediments (up to a depth of 1 m) from the Pleistocene and
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Holocene. The test site is weakly inclined (< 4°) in east-west direction (Fig. 1) . In the lower part of the test site, colluvial sediments eroded from the upper part can be found. The ground water depth shows seasonal fluctuations between 3 -5 m below the surface. The major soil type is silt loam according to the USDA textural classification. In the upper part of the test site, the uppermost 30 cm of the soil contains 35 % sand, 52 % loam, and 13 % clay, 40 compared to 13 % sand, 70 % loam, and 17 % clay in the lower part of the field. Due to the geomorphology and soil texture variation, a high variability in the surface soil water content is present. In general, the upper part of the test site shows lower surface soil water contents compared to the lower part. The experimental field plot (15 x 15 m) is situated in the lower part of the test site (see Fig. 1 ). 
GPR and reference measurements
Following the approach of Lambot et al. (2004a Lambot et al. ( , 2004b Lambot et al. ( , 2004c Lambot et al. ( , 2005 , an ultra wideband stepped-frequency continuous-wave radar combined with an off-ground monostatic transverse electromagnetic (TEM) horn antenna (BBHA 9120 A, Schwarzbeck Mess-Elektronik, Schönau, Germany) was used. The radar system was set up using a Vector Network Analyzer (VNA) (FSH6 equipped with a VSWR bridge and power provider, Rohde & Schwarz, measurement is analyzed. A full description of the modeling of the radar signal is given by Lambot et al. (2004a Lambot et al. ( , 2004b Lambot et al. ( , 2005 . Due to the poor raw data quality in the higher frequency range, which might be caused by surface roughness, the fitting procedure using inverse simulation was performed on the frequency window of 800 to 1600 MHz only.
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For the ground wave method, the procedures described by Huisman et al. (2003a Huisman et al. ( , 2003b and Galagedara et al. (2005) were used. The first step in the ground wave method is the acquisition of a set of Wide Angle Reflection and Refraction (WARR) measurements. In WARR acquisition, the distance between the antennas is increased stepwise with the transmitter at a fixed position. These WARR measurements are used to determine the optimal 35 distance between antenna and receiver (see below). In a second step, the GPR measurements are performed with this optimal antenna separation (see section 3.2). The ground wave velocity v can be calculated by dividing the travel distance (antenna separation) x by the measured ground wave travel time (v = x/t GW ). However, since the bistatic GPR systems do not have a fixed zero-time, the ground wave velocity must be calculated from the difference content of this small research plot, one part (3 by 3 meter in the upper right corner) of the test plot was irrigated manually to create a wider range in soil water content. From visual observations, irrigation did not change the soil density or soil roughness. This is mainly due to the fact that the entire plot was smoothed and compacted before starting the experiment. Offground GPR measurements were performed every meter, resulting in 72 radar measurements.
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The antenna height was fixed at 0.3 m above the ground. Before the measurements were made, the off-ground GPR system was calibrated using a perfect electric conductor. After each radar measurement, five juxtaposed Theta probe measurements were performed in the soil just below the antenna for measuring the soil reference dielectric permittivity (measurement depth = 0.06 m). In addition, three 100 cm 3 undisturbed soil samples were 30 extracted for each measurement location in every other line, resulting in 36 direct measurements of the volumetric soil water content. For the Theta probe and the volumetric water content measurements, averaged values for each measurement point were considered.
For the second measurement campaign, four transects were measured along the EW axis of the test site with a spacing of 8 meters. To reduce soil roughness, the field was tilled to a 35 depth of 0.15 m and compacted several days afterwards using a 2 ton roller. Changes in volumetric soil water content caused by using the roller were accepted in the field experiment because all methods were equally affected. Each transect contains 12 measurement points. At each of these measurement points, monostatic off-ground GPR measurements and three TDR measurements were taken. Thus, 48 measurement points were sampled with TDR and off-40 ground GPR. Three 300 cm 3 volumetric samples were taken at every second measurement point (24 in total). The off-ground GPR system was mounted on a wooden frame in front of a tractor. For the ground wave method, the GPR transmitter and receiver were installed on sleds, which were pulled by the tractor. Ground wave measurements were taken every 0.5 m by triggering the GPR system with an odometer. This resulted in 1188 ground wave measurement points. The spacing between the antenna and receiver was fixed at 1.18 m. The optimal separation between antenna and receiver was obtained from preliminary WARR measurements along a 60 m transect.
In this study, we chose to use two different types of reference measurements in each experiment: one method that determines the dielectric permittivity (capacitance sensor in the first experiment and TDR in the second experiment) and volumetric soil samples. This choice was motivated by practical reasons. Volumetric soil samples are very cumbersome to take, especially when the size fraction > 2 mm is significant. Because several volumetric soil 5 samples were required per sampling point in order to get an estimate at the scale of the GPR measurements, we decided to only take volumetric samples at every other sampling point. Because dielectric permittivity measurements are easier to make, we used these methods as a second reference. Previous studies have shown that volumetric samples and TDR or capacitance measurements gave similar results (e.g. Huisman et al., 2001; Lunt et al., 2005).
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The difference in sampling depth between the reference measurements was also motivated by practical considerations. Again, it is cumbersome to take volumetric soil samples up to a depth of 0.10 m. In contrast, a practical minimum length of TDR probes is ~0.10 m. Finally, it is also not feasible to take shallower volumetric samples (e.g. 0 -0.01 m). Alternatively, it would have been possible to determine the gravimetric water content (e.g. gram water per 15 gram soil) of this shallow upper layer. However, to convert the gravimetric water content to volumetric water content (the soil property sensed by electromagnetic methods) information on the dry bulk density of the upper layer is required. Such information is not available at the field scale. 20 
Results and Discussion
Plot measurements
The calculated soil water content from the off-ground GPR and the Theta probe measurements from the first measurement campaign are plotted in Fig. 2 . In general, the dielectric permittivity, and the calculated soil water content using Topp's equation (Topp et al. 1980) , was lower for the off-ground GPR than for the Theta probe. As Lambot et al. (2005, 25 2006b) already stated, this behavior can be partly attributed to the effect of soil roughness on the amplitude of the surface reflection. Another reason might be the vertical distribution of the soil water content. The Theta probe gives average values up to a depth of 0.06 m, whereas the off-ground GPR provides values for which the depth of influence varies as a function of soil water content and the soil water content profile, and is therefore not precisely known.
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During the experiment, the soil water content profile was characterized by an upper drier layer of ~0.015 m at the non-irrigated measurement points due to soil evaporation. Therefore, the lower soil water content estimates obtained with the off-ground GPR system might be explained by the fact that this method is mainly sensitive to the upper part of the soil in the frequency range of 0.8 to 1.8 GHz. For instance, Serbin and Or (2004) showed that surface 35 reflection GPR measurements were in good agreement with volumetric measurements for the top 0.01 m layer of soil, but did not agree well with deeper TDR and gravimetric data. This explanation was confirmed by the fact that for the higher soil water contents, pertaining to the irrigated area which did not exhibit the dry surface layer, off-ground GPR and Theta probe measurements provide similar results (see Fig.  2 ).
Field measurements
Preliminary WARR measurements
To find the optimal distance between antenna and receiver, a transect of 60 m was measured in the middle of the field. Along this transect, 20 WARR measurements with a maximum 5 antenna separation of 3 m and a step size of 0.1 m were performed with 225 MHz and 450 MHz shielded antennas. Figure 3 shows four WARR measurements obtained with the 450 MHz antenna along the 60 m transect. In general, the four WARR measurements appear quite different. In the first WARR radargram (Fig. 3a) measured between 0 -3 m, the air wave, the ground wave and several reflected waves can be distinguished. However, the ground wave 10 can be only recognized between an antenna separation of 0.5 and 1.5 m. At larger antenna separations a clear interference with a very shallow reflected wave that starts at 15 ns is detectable. In the second WARR measurement (9 -12 m, Fig. 3b ), the signal attenuation clearly increased. The ground wave can only be detected up to an antenna separation of 1.8 m.
The interference with a shallow reflected wave cannot be recognized anymore. However,
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several critically refracted waves appeared. Critically refracted waves can be recognized as waves parallel to the air wave but at later times. In the third WARR measurement (18 -21 m, Fig. 3c ), the signal attenuation has further increased and the ground wave can only clearly be recognized up to an antenna separation of 1.3 m. Finally, in the fourth WARR measurement (27-30 m, Fig. 3d ), the attenuation has increased up to a level were the ground wave cannot be 20 recognized anymore in the radargram. Instead, only the air wave and several critically refracted waves can be seen. Not all remaining WARR measurements of the 60 m transect were as difficult to interpret as the WARR measurements shown in the lower right of Fig. 3d . However, high attenuation was prevalent and the ground wave was difficult to recognize in some WARR measurements. After careful inspection of all data, an antenna separation of 1.2 25 m was selected for soil water content mapping, although the complexity of the WARR measurements in Fig. 3 suggested that considerable problems in the interpretation of the fixed-offset ground wave GPR measurements were to be expected. The WARR measurements made with the 225 MHz antennas showed a similar behavior (results not shown). However, the interference with shallow reflected waves was stronger 30 because of the lower resolution at lower frequencies. Therefore, the 450 MHz antennas were selected for soil water content mapping along the four transects. Figure 4 shows two of the four ground wave GPR profiles, where the horizontal wave at 35 approximately 14 ns corresponds with the air wave. Typically, it is assumed that the ground wave is the next arrival in the radargram. In the upper GPR profile (Transect 1) between 20 and 50 m, a clear wave can be recognized. From the preliminary WARR measurements, this wave was identified as the ground wave. The arrival time of the ground and the air wave were picked to calculate the permittivity according to Eq. 2. Figure 4 also shows that the ground 40 wave is difficult to recognize in large parts of the GPR profile. Especially between 50 and 150 m in Transect 4 (lower GPR profile) no clear signal from the soil is detectable. Although there is a strong attenuated signal between 20 and 25 ns that we interpreted as the ground wave, the similarity with a similar feature between 18 and 20 ns could also indicate that the radargram is dominated by multiple critically refracted waves in this part of the profile. The soil water 45 content measured by the ground wave method at the field scale along the four transects is plotted in Fig. 5 . The soil water content calculated by the ground wave method varied from 0.126 to 0.286 m 3 m -3 in the upper and lower part, respectively. In general, a slight trend in the soil water content is visible with lower soil water contents in the upper part and higher soil water contents in the lower part. for two measurement points (Point 14 (Transect 2) and Point 22 (Transect 2)) are shown in Fig. 6 . In the analysis, the reflection of the surface is automatically detected in the time domain and serves to determine the time window in which the inversion was performed. Figure 6a Second, the water content in the top layer might not have been sufficiently homogeneous and, consequently, the measured and modeled time domain Green's functions deviate because the model assumes a homogeneous soil. Figure 7 presents the time domain Green's function for the 48 measurement points along the four transects. The Green's function is computed from the S 11 (ω) scatter function using Eq. 1.
Ground wave GPR
Off-ground GPR
15
Time zero corresponds to the antenna phase center. The soil surface reflection occurrs at different times (2 to 3 ns) due to the inherently varying antenna height above the ground. Additionally, no significant reflectors below the soil surface can be distinguished (times > 4 ns). This is mainly due to the high operating frequency range used in the experiment and the limited electromagnetic wave penetration depth in the silt-loam soil. The slight ripples on the 20 time domain signal are caused by the inverse Fourier transformation, since only the signal frequencies between 800 -1600 MHz were analyzed.
For the first measurement in Transect 1 (Fig. 7) , the amplitude of the signal around time zero is small, then it increases progressively until Measurement 24 (lower part of Transect 2). This evolution is partly due to the effect of temperature on the calibration of the VNA. Variations 25 >5°C are expected to distort significantly the system calibration. In that respect, it is worth noting that these variations are automatically detected by the VNA. In addition, variations of the surface reflection may also lead to some variations of the amplitude at early times because some correlation always exists between the signals at two different times relatively close to each other, due to the inverse Fourier transform of a limited frequency range signal. Then, 30 prior to Measurement 25 (start of Transect 3), the VNA was subjected to a new OSM calibration. As a result, the amplitude of the signal at early times became smaller, which indicates that the measurement errors were small again. A new calibration was also performed between Measurement 44 and 45 (lower part of Transect 4), which led to the same observation. The results for the calculated soil water content measured by the off-ground GPR 
Reference measurements
It can be seen that the maps based on the TDR measurements and the volumetric water content samples both show a similar trend in soil water content ( Fig. 8c . The plot indicates that the undisturbed soil samples show slightly higher soil water contents at the lower moisture range, whereby the TDR probe underestimates the soil water content in the higher range. The Root Mean Square Error (RMSE) between these methods is low (see Tab. 1) with a value of 0.021 m³m -³. This indicates that there is a good agreement with respect to small scale soil heterogeneity within the antenna footprint. The adequate relation between the reference measurements in Fig. 8c and Tab. 1 indicates that the use of the point measurements for the validation of the results from the two GPR systems was appropriate. In other words, the good correlation means that 5 the soil water content integrated over 0 to 0.05 and 0 to 0.10 m are similar. It also means that the aggregation from the point scale to the antenna footprint scale was successful.
Comparison of the measurement methods
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As shown in Fig. 5 , the soil water content measurements based on the ground wave and the off-ground method deviate from the reference measurement techniques. This is confirmed by the high RSME of 0.1154 m³m -³ between off-ground GPR and the ground wave method (Tab. 1). In general, the ground wave method seems to overestimate the water content over the entire field, whereas the off-ground method underestimates the soil moisture content and 15 shows less variability. For a more detailed comparison of the results obtained from the two GPR methods and the reference measurements, the calculated volumetric soil water contents are plotted versus the results from 0.1 m TDR probes (Fig. 8a-b ). Figure 8a clearly shows that the off-ground GPR technique underestimates the soil water content measured by TDR up to a depth of 0.10 m. In contrast, the ground wave method overestimates the soil water content in . 8a ). The sudden change in the correlation pattern is related to the poor quality of the off-ground raw data along the first points of the first transect which can be detected in the inverse modeling procedure. Due to the fact that all other points beyond measurement 12 show better agreement up to the OSM 35 calibration at point 25, it was assumed that an insufficient calibration can not be taken as the source of inaccuracy. A possible alternative explanation for the poorer data quality is a higher soil roughness at the field boundary or some unidentified problem in the data acquisition setup for the first measurements.
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The reasons for the discrepancies between the off-ground GPR and reference measurements are multiple. First, off-ground GPR and TDR operate at different scales and depth. The operation area of a single TDR measurement is ≈ 20 cm 2 , and for the off-ground GPR ≈ 720 cm 2 . Even if the TDR measurements were averages for three points, and the good correlation between the point averaged values of TDR and the volumetric soil samples indicate that the 45 scale gap is properly bridged, depth differences seem to be relevant. The depth for the soil water content measurement of the off-ground GPR can be roughly approximated by: 
where λ soil is the radar wavelength, v is the propagation velocity of the wave in the soil, f is the frequency, ε soil is the dielectric permittivity of the soil, f 1 is the lowest used frequency, and f 2 is the highest used frequency (Lambot et al., 2006a) . For instance, assuming a dielectric permittivity for dry soil of ε soil = 4 for our measurement setup, the depth of measurement will be ~0.029 m and for ε soil = 16 (wet soil) the depth of measurement is ~0.014 m for the center frequency. In comparison, the measurement depth of the volumetric soil samples was 0.05 m and the depth of the TDR measurements was 0.10 m.
Finally, the off-ground GPR measurements are affected by several factors. Surface roughness (Lambot et al., 2006b) or stochastic heterogeneity of the soil electromagnetic properties may 10 lead to diffuse reflection and scattering which are not accounted for by the inverse modeling procedure. The presence of such phenomena can partly explain the lower soil water contents measured with the off-ground GPR. Then, in addition to the radar calibration and measurements errors, the shallow soil stratigraphy and soil electric conductivity are also important characteristics which can play a significant role.
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The volumetric soil water soil content measured with the ground wave GPR method was compared with TDR measurements. As shown in Fig. 8b , the ground wave method overestimates the soil water content measured by the 0.10 m TDR probe. Additionally, the RMSE is quite high with 0. There is no guarantee that these reflections will not arrive even earlier in different parts of the field depending on variation of the shallow reflecting layers. An indication for the interference with reflected waves is given by different ground wave signatures in the left part of the GPR profiles shown in Fig.4 . Finally, the higher soil water content estimates obtained with the ground wave method could also be explained 30 by a mismatch between the TDR sampling depth and the ground wave penetration depth. If the ground wave penetrated deeper than 0.10 m into the soil, it could have sampled layers with higher water contents. Unfortunately, the penetration depth for the ground wave method is still under debate. However, it has become clear that it varies from several cm to dm depending on the acquisition parameters, the operating radar frequency, and the soil 2005) showed in their electromagnetic modeling approach, the ground wave velocity also depends on the layering of the soil and the dielectric contrast between the layers. They clearly showed that a dry upper soil layer will not necessarily influence the ground wave. In general, the depth of an 'undetected' dry upper soil layer increases with a decrease of frequency. More explicitly, they 40 showed that for an antenna frequency of 450 MHz, a dry soil layer of 0.08 m over a wet soil layer remains undetected (i.e. the ground wave velocity is determined by the water content of the wet layer below 0.08 m and does not represent and average of the top soil).
In general, the spatial variation in soil water content measured with the ground wave and offground method did not correspond with the variations measured with TDR and volumetric soil samples. The main reason for the failure of the ground wave method was the strong attenuation of the GPR signal, which is related to the texture at the test site. Shallow reflections and the dry upper soil layer might also have contributed to the poor 5 correspondence between the ground wave method and the reference measurements. The variations in the off-ground GPR results as compared with the reference measurements might be explained by differences in the sampling volume and depth. The low variations in the offground GPR data may be attributed to the homogeneously dry upper soil layer. However, several issues are still to be investigated to better understand the various factors affecting the 10 off-ground radar measurements (e.g. soil roughness, soil layering, and electrical conductivity). Therefore, laboratory experiments should be conducted and the results should be implemented into modeling approaches. Especially soil surface roughness and soil layering should be taken into account in the electromagnetic inverse modeling approach. Future work, using lower frequency antennas, might also overcome the problem of soil surface roughness 15 for the off-ground GPR measurements, and therefore allow measurements under natural soil conditions without a priori smoothing of the soil surface. On the other hand, reliable and comparable ground truth measurements are necessary to compare the off-ground GPR results. Nevertheless, the off-ground GPR configuration used in this study was not suitable to monitor the soil water content of the upper 0 -0.05 m layer, which is considered as an 20 environmentally relevant depth for important processes, such as CO2 production and plant water availability. To overcome the problem of shallow measurement depths using off-ground GPR, lower frequencies should be used which allow deeper penetration into the soil profile.
The feasibility study of the two different GPR methods at the FLOWatch test site clearly 25 showed that the ground wave method was not suitable for this site and that the off-ground method is not comparable with standard soil physical soil water content measurement techniques. Clearly, there is considerable need for a wider range of approaches to noninvasively map soil water content variation at the field scale. 
